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The  principle  goal  of  the  work  subported  by  this  contract  was  the 
exploration  and  development  of  the^Cerenkov  Maserx  These- -devices ' 
were  operated  over  a  wavelength  range  extending  from  1  cm  to  just  * 
below  1  mm,  and  power  levels  of  200-250  kW  in  the  1  cm  range  j 

were  obtained.  In  the  1  cm  range,  voltage- tuning  over  1  octave  ; 

was  achieved,  and  at  3  mm,  a  single  structure  was  tuned  from  • 

88  to  130  Ghz.  At  the  higher  power  levels,  gas  breakdown  was  used > 
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as  a  diagnostic  tool.  This  work  was  described  in  a  number  of 
publications  and  a  bibliography  and  abstracts  are  attached. 

A  flat-grating  cylindrical  mirror-based  device  (the  relativistic 
orotron)  was  also  examined.  Power  levels  comparable  to  or  greater 
|  than  the  best  that  can  be  obtained  from  mro-wave length,  coupled- 
cavity,  travelling-wave  tubes  were  obtained.  The  voltage-tuning 
range  of  these  devices  was  also  substantial.  Single  resonators 
were  tuned  over  a  half  octave  range,  about  30  Ghz,  and  at  higher 
frequencies  (60-80  Ghz)  t.  10  percent  tuning  was  achieved.  The 
peak  power  at  shorter  wavelengths  was  10  KW,  and  in  the  1  cm 
range,  30  KW  levels  were  obtained.  v  _ 

|  The  development  of  the  mm-wavelength  Cerenkov  source  also  led  to 
consideration  of  far-  to  near-infrared  Cerenkov  lasers.  These 
were  compared  to  the  undulator  type  of  Free-Electron  lasers,  and 
their  relative  advantages  and  disadvantages  explored.  A  proof- 
of-principle  far-infrared  experiment  has  been  proposed. 
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CERENKOV  MASER  AND  CERENKOV  LASER  DEVICES 


Cerenkov  Maser  and  Cerenkov  Laser  Devices 


The  work  supported  by  this  contract  spanned  a 
number  of  topics.  The  principal  effort  was  directed 
toward  exploration  of  Cerenkov  maser  performance  at 
lower-mm  wavelengths.  However,  this  work  also  led  to 
the  consideration  of  tunable,  high-power,  submm  and 
far-infrared  Cerenkov  lasers,  and  to  the  more  general 
topic  of  compact  f ree-electron  lasers.  In  addition, 
structures  other  than  Cerenkov  resonators  were  examined. 


Among  these  were  cylindrical  and  flat-plate  gratings 
(the  Relativistic  Orotron) .  Detailed  summaries  of  the 
work  are  contained  in  the  four  six-month  reports 
(June  and  December  of  1983  and  IC84),  in  doctoral  theses 
abstracts,  and  journal  publications.  A  bibliography  is 
attached  to  this  report,  and  copies  of  the  published 
work  have  been  forwarded  earlier.  Hence  only  a  brief 
review  of  the  principal  results  will  be  given  here. 

Cerenkov  masers  were  operated  over  the  entire 
nan-wave  length  region.  At  longer  wavelengths  (5-10  mm), 
octave  tuning  and  multi-hundred  kW  output  power  levels 
were  achieved  fiom  a  single  structure.  In  the  3-mm- 
wavelength  region,  tuning  between  90  and  130  GHz  from 
single  resonator  structures  was  demonstrated,  and  power 
levels  in  the  100-kW  range  were  obtained. 


Operation  on  higher-order  modes  and  with  two- 
stage  structures  were  also  demonstrated.  Substantial 


(multi-kW)  power  levels  at  wavelengths  slightly  below  1  mm 
were  obtained  by  operating  on  the  TM  2  mode  of  a  cylindrical 
dielectric  resonator.  There  is  also  some  experimental 
evidence  that  mode  suppression  and/or  --election  techniques 
can  be  used  to  selectively  operate  on  ii lgher-order  modes. 

The  two-stage  structures  combined  a  disc-loaded 
prebuncher  and  a  dielectric  resonator  -  output  coupler. 

The  peak  output  power  levels  achieved  with  this 
configuration  were  comparable  to  the  single-stage  Cerenkov 
device,  but  substantially  longer  output  pulses  (comparable 
to  the  2  usee  beam  pulse)  were  a  characteristic  feature  of 
the  two-stage  system.  The  possibility  of  tapering  a 
structure  in  order  to  enhance  the  total  efficiency  was  also 
considered  theoretically. 

At  the  upper  end  of  the  observed  output  power 
range,  breakdown  at  atmospheric  pressure  was  observed. 

This  effect  was  used  for  diagnostic  purposes  and  more 
recently,  controlled  experiments  on  the  effect  of  various 
contaminants  on  breakdown  threshold  have  been  initiated. 

A  theoretical  program  aimed  initially  at  support 
of  the  mm-wavelength  experiments  was  also  carried  out. 

This  work  in  turn  led  to  a  more  general  consideration  of 
both  Cerenkov  and  grating-based  f ree-electron  lasers 
(C  FEL/G  FEL) .  Devices  of  this  type  were  compared  to  the 
undulator  FEL,  and  it  was  shown  that  in  the  far-infrared 
regime,  the  C  or  G  FEL  would  be  an  attractive  competitor 
in  many  applications.  Preliminary  designs  for 


proof-of-principle  experiments  were  completed,  and  further 
experiments  are  planned. 

The  principle  concern  of  the  initial  mm-wavelength 
experiments  was  the  Cerenkov  maser,  but  early  in  the  work, 
periodic  structures  were  also  used  to  general  radiation. 

The  original  purpose  of  the  latter  was  to  develop  a  source 
for  calibration  and  comparison,  but  it  has  developed  into 
an  independent  assessment  of  a  device  now  called  the 
Relativistic  Orotron.  This  work  is  being  carried  out  in 
collaboration  with  a  group  at  the  U.S.  Army  Harry  Diamond 
Laboratories  (R.  Leavitt,  D.  Wortmann)  and  it  is  based  in 
part  on  the  very  successful,  low-energy  electron-beam-driven 
orotron  experiments  performed  earlier  by  that  organization. 
Relativistic  orotron  tuning  curves  and  output  power 
capabilities  were  established  for  a  number  of  resonator- 
beam  combinations.  The  performance  was  encouraging. 

Tuning  ranges  in  excess  of  that  available  from  the  mm- 
wavelength  helix  TWT's  together  with  power  levels 
comparable,  or  well  above,  that  of  coupled-cavity  TWT's 
were  obtained.  A  device  of  this  kind  could  be  the  basis 
of  a  mm-wavelength  tube. 

In  conclusion,  the  high-power  capability  and 
tunability  of  Cerenkov  masers  at  mm-wavelengths  has  been 
demonstrated.  The  theoretical  basis  for  these  devices 
and  for  Cerenkov  sources  at  much  shorter  wavelength  has 
been  established,  and  other  attractive  tunable  source 
options  have  been  explored. 
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Abstract 


Expressions  for  operating  wavelength,  gain,  and  schematic  designs  for  Ccrr.ptcr.  regime 
Cerenkov  lasers  are  presented.  Conditions  required  for  operation  at  infrared  and  visible- 
wavelengths  are  established  and  proof  of  principle  experiments  are  discussed. 

Introduction 

1  7 

Cerenkov  masers  have  been  operated  in  the  millimeter  wavelength  region  Multi- 

hundred  kilowatt  pow’er  levels  have  been  obtained  in  the  7-8  mm  range  and  approximately 
ICC  k.W  have  been  achieved  at  about  3  mm.  Less  power  has  also  been  obtained  at  wavelengths 
slightly  shorter  than  1  nan.  The  requirements  for  a  Cerenkov  device  at  even  shorter  wave¬ 
lengths,  where  operation  in  a  Compton  mode  is  anticipated,  have  also  been  considered 
previously^ . 

The  purpose  of  this  work  is  to  specifically  address  the  possibility  of  operating  a 
Cerenkov  laser  in  the  infrared  region  of  the  spectrum.  An  expression  for  gain  applicable 
in  this  region  is  examined  in  section  II  and  adapted  to  a  thin  film  configuration  in  secti 
III.  Beam  parameters  similar  to  those  found  in  a  microtron  are  then  used  to  evaluate  the 
linear  gain  in  section  IV.  Conclusions  are  discussed  in  section  V. 


II.  Gain  of  a  Cerenkov  laser 


The  gain,  in  the  Compton  limit,  of  a  Cerenkov  laser  has  been  discussed  elsewhere 


5 , 4 


Expressed  in  terms  of  an  inverse  quality  factor,  Qfl,  it  has  the  form 


1  1 
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where  and  y  are  the  relative  beam  velocity  and  energy,  respectively.  Other  tents 
appearing  in  equation  (1)  are 
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oeara  current 
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me  /e  s  17000  amp 
beam  density  form  factor 
resonator  length 


E. 


square  of  the  magnitude  of  the  axial  electric  field  strength  at  the 
resonator-vacuum  boundary 


energy  stored  in  the  entire  resonator  volume 


relative  transit  angle  £  (kv  -  _)  L/v  ,  where 


frequency  and  axial  wavenumber  of  the  resonator  mode 


k  are  the  angular 


The  magnitude,  ,1/Qg  ,  determines  the  threshold  Q  required  for  oscillation  and  |  1/Qg 
tin.es  -L/v  is  the  relative  gain  per  pass.  The  beam  density  form  factor  is  defined  bv 
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n_ 
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where  n0  is  the  peak  density  of  the  beam  and  AK  is  an  effective  ar 


ea.  When  the  beam 


distribution  is  approximately  rectangular  and  a  mode  geometry  appropriate  to  a  thin 
dielectric  film  is  assumed,  n/n  has  the  form 


{  :  < 


J1  ,  e  -  2qd  (1  -  c'2qb) 
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J— 2 - 2 

Here,  q  (=>  -  u  /c~)  is  the  evanescence  rate  ot  the  lield  in  the  trar.f.xr.  i  direcii 

i.e.  ,  Et  e  ~  *-1 . r  i  ,  d  is  the  gap  between  the_beam  and  the  dielectric  surface  ,  and  b  1 

the  bear1  thickness.  It  is  clear  that  both  n/n  and  L-  :  E-, :  2  <jtpend  cr.  beam  e-errv  ,v 

0  - —  • 
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the  resonator  geometry.  These  will  be  evaluated  for  the  specific  case  oi  a  thin  file, 
guide . 


Ill . 


The  thin  film  guide 


The  wave  guiding  properties  of  a  thir.  dielectric  layer  are  well  known^. 
for  the  moment,  any  variation  across  the  guide  in  the  direction  perpendicu 
propagation,  the  dispersion  relation  for  a  TM  mode  is  given  by 


Disrepar 


pa  tan 
where  p 


(pa)  =  cqa 


q  is  as  defined  earlier,  and  a  is  the  guide  thickness. 


(i) 


In  the  wavelength  region  of  interest  here,  the  relation  between  _a/c  ar.d  ka  (determined 
via  Eq.  (4))  is  roughly  linear  with  a  slope  approaching  that  of  the  dielectric  light  line, 
i.e. ,  c/.T  .  The  lowest  order  mode  has  no  cutoff  wavelengths,  while  TM_n  <  n  >  2  ,  has 
a  cutoff  on  the  vacuum  light  line  (q  =  0) .  As  the  phase  velocity  varies  iron  c  down,  to 
c/.T1,  a  decreasing  fraction  of  the  energy  is  stored  abeve  the  surface.  This  feature  will 
be  important  when  we  discuss  the  energy  dependence  of  n/n  . 


The  thin  film  guide  has  been  used  in  a  number  of  recent  nonlinear  optical  experiments 
where  power  density  levels  in  the  MW/ cm2  range  have  been  generated.  We  will  consider 
guides  designed  for  this  spectral  range  in  our  Cerenkov  resonators. 


,  As  an  electron  beam  propagates  near  the  surface  of  a  dielectric  guide,  it  couples  best 
to  TM  modes  with  a  phase  velocity  inf initessimally  less  than  the  beam  velocity.  Hc-nce,  it 
is  the  region  of  the  dispersion  curve  around  phase  velocity  synchronism, 


v  =  ^  (5) 

that  is  of  most  interest. 

The  wavelength  at  velocity  synchronism,  plotted  as  a  function  of  reciprocal  beam  energy, 
is  displayed  for  two  different  guide  thicknesses  in  figures  la  and  b: 


>.  (microns) 

30 

a 


Fig.  la:  Wavelength  vs.  inverse  fig-  lt> :  Wavelength  vs.  inverse 

gamma  for  1  micron  polystyrene  film,  gamma  for  10  micron  polystyrene  film. 


It  is  clear  that  coupling  in  the  infrared  is  possible,  in  principle. 

As  the  reciprocal  of  the  relative  beam  energy,  y,  varies  from  0  (on  the  light  line  to 
1/yt  y x  is  the  threshold  energy  for  Cerenkov  radiation) ,  the  driven  mode  moves  along  the 
dispersion  curve.  The  coupling  factor  n/nQ  and  the  resonator  form  factor  E2j-  also 

€ 

vary  along  this  curve.  These  factors  are  shown  in  figures  2a  and  b  and  3a  and  b  for  the 
same  two  guide  thicknesses  plotted  previous-ly.  We  have  assumed,  in  the  n/n0  plots,  bear, 
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Fig.  2a:  Log  (beam  density  factor)  vs.  Fig.  2b:  Log  (beam,  density  factor;  vs. 

inverse  gamma-  for  1  micron  film.  inverse  gamma  for  10  micron  film. 


Fig.  3a:  Log  (resonator  form  factor)  Fig.  3b:  Log  (resonator  form  factor) 

vs.  inverse  gamma  for  1  micron  film.  vs.  inverse  gamma  for  10  micron  film. 

guiding  parameters  and  beam  focussing  which  are  favorable  but  well  within  the  state  of  the 
art . 


It  is  clear_that  the  net  gain  will  be  determined  by  design  tradeoffs  between  the  rapid 
decrease  of  n/nQ  and  the  increase  of  the  resonator  form  factor  as  the  beam  energv 
traverses  the  dispersion  curve  from  higher  toward  lower  energy. 


Cerenkov  gain  in  the  infrared. 


The  complete  expression  for  the  gain  can  now  be  evaluated.  In  doing  so,  we  choose  beam 
parar.e ters  which  apply  to  two  different  microtron  generators  that  have  been  adapted  for 
"iggler-coupled  free  electron  laser  experiments^ .  The  relevant  parameters  are: 


1^  *  1  amp 
L  =  1 0  cm 


~  =  a 

'max 

b  :  beam  width  =  100  microns 

d  s  beam-film  gap  =  500  microns 

a  H  film  thickness  «  1  and  10  microns 

c  i  dielectric  constant  of  film  =  1.6  (polystyrene). 

Plots  of  ^  vs.  y  are  shown  in  figures  4a  and  b  for  film  thicknesses  of  1  and  10 
microns.  We  see  chat,  for  the  1  micron  film,  the  gain  peaks  at  about  16  MeV ,  which 
corresponds  to  the  60  to  80  micron  wavelength  region  (see  figure  la).  The  10  micron  film 
has  a  gain  peak  at  about  5  MeV  and  a  corresponding  wavelength  emission  range  of  100-200 
microns. 
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Fig.  4a:  Inverse  Q  vs.  inverse  gamma 
for  1  micron  film. 


Fig.  4b:  Inverse  Q  vs.  inverse  ga:::-a 
for  10  micron  film. 


V.  Conclusions 


It  seems  readily  apparent  from  the  foregoing  examination  that  thin  film  waveguide 
structures  can  be  used  to  provide  radiation  in  the  infrared  region  of  the  spectrum.  The 
thickness  of  the  film  and  its  dielectric  constant  are  the  factors  which  determine  the 
wavelength  of  the  emitted  radiation.  Beam  and  resonator  parameters  determine  the  net  gair 
evice.  Our  analysis,  which  uses  a  realistic  beam  geometry,  energy,  and  film  type, 
Qb'l  values  well  within  the  range  required  for  oscillation  of  such  a  device. 
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CERENKOV  LASERS 
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Department  of  Physics  and  Astronomy 
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Hanover,  New  Hamoshire  03755 


Abstract 

Cerenkov  lasers,  which  are  driven  by 
a  relativistic  electron  beam,  may  be  based 
either  upon  dielectric  waveguide 
resonators  or  gas-filled  Fabry-Perot 
resonators.  When  the  beam  energy  exceeds 
the  Cerenkov  threshold,  stimulated 
Cerenkov  radiation  causes  beam  bunching, 
and  energy  can  be  extracted  at  a  wave¬ 
length  determined  by  the  beam  and  the 
resonator  characteristics .  Devices  have 
already  been  operated  successfully  in  the 
lower-  and  submillimeter  regime.  The 
possibility  of  far-infrared  operation  will 
be  discussed  in  this  paper. 


I .  Introduction  and  Background 

An  electron  beam  of  sufficient  energy, 
a  dielectric  resonator  or  waveguide,  and 
suitable  output  coupling  components  can 
be  used  to  form  a  Cerenkov  laser.  When  the 
beam  velocity  is  greater  than  the  speed  of 
light  in  the  dielectric  medium,  sponta¬ 
neous  Cerenkov  radiation  is  emitted.  * 
This,  when  fed  back  onto  the  beam,  causes 
further  stimulated  2  Cerenkov  radiation 
and,  if  the  feedback  is  sufficient,  the 
wave  energy  grows  in  time. 

The  dielectric  resonator  may  be  a 
homogeneous  medium  or  some  type  of 
dielectric  waveguide.  In  the  former  case, 
the  only  practical  material  is  a  cas. 

This  requires  a  rather  large  beam  energy, 
i.e.  tens  of  MeV"  s .  These  systems  have 
been  investigated  2»4  theoretically  and 
some  preliminary  experimental  work  has 
been  done.  In. particular ,  it  has  been 
demonstrated  that  when  a  laser  is  phase- 
matched  to  the  velocity  of  an  electron 
beam  in  a  gas,  the  beam  momentum  can  be 
modulated.  2 

A  dielectric  surface  guide  can  also  be 
used  to  produce  the  necessary  phase 
velocity  decrease  and  systems  based  on 
this  approach  will  be  the  concern  of  this 
paper.  Dielectric  resonators  in  tubular 
form  have  been  used  ir.  the  mm  range  to 
produce  a  high-power  tunable  source.  * 
Power  levels  in  the  100  KK  range  at  about 
3  mm  wavelengths  have  been  produced  and 
operation  down  to  wavelengths  just  below 
1  mm  has  been  achieved.  In  the  present 
paper  we  will  investigate  the  possibility 
of  achieving  a  far-infrared  source  with 
a  slab  waveguide  resonator. 

The  remainder  of  the  manuscript  is 
divided  into  three  parts.  Section  two 
contains  discussions  of  the  guide 

(  *ipwiK*ll  1  ^nrncM  In.iilutt  »•*  VimnstHu.  jnit 
iMMlit In*..  IPK.t.  M!  riijhi'  rrM-ni'ii 


resonator,  the  stimulated  emission  rut-, 
and  an  estimation  of  the  power  ouc  ut. 
Examples  are  presented  in  section  three 
and  some  conclusions  are  discussed  in 
section  four . 


2.  Wavelength  Determination  ar.d  Gam 
2.1.  The  film  waveguide 

The  simplest  dielectric  waveguide,  t 
slab,  is  the  one  chosen  for  the  present 
application.  Discussion  cf  the  general 
behavior  of  a  slab  guide  is  available 
elsewhere  ®  and  hence  only  those  {■.  atv.--s 
pertinent  to  the  present  device  need  b- 
summarized.  A  sketch  of  the  cross-set".  ;c 
of  the  guide  is  shown  in  Fig.  1  as  is 
profile  cf  the  electric  fields  cf  a  T" 
mode.  The  fields  evanesce  in  the  vacuum 
region  with  an  inverse  scale  length: 


where  k  is  the  axial  wave  number  ar.d 
is  the  angular  frequency  of  the  bound 
mode . 

Also  shown  on  Fig.  1  is  a  sketch  of 
the  dispersion  relation.  The  latter  is 
determined  by  the  roots  of 


is  the  transverse  wave  number  in  the 
dielectric  medium  and  e  is  the  relative 
dielectric  constant.  When  the  wave  1 r noth 
is  long  compared  to  the  thickness  of  thc- 
cuice,  the  phase  velocity  cf  the  mode 
approaches  the  speed  of  licht.  As  the 
wavelenqth  decreases,  the  wave  occcnes  no 
tightly  bound  and  the  phase  velocity 
asymptotically  approaches  that  of  light  : 
the  dielectric  medium. 

A  line  with  slope  t  is  indicated  cn 
the  dispersion  curve.  When  ;  >  1/ .  a 
synchronous  phase  condition  can  be  main¬ 
tained  between  a  beam  with  relative  lo- 
city  and  a  guided  mode.  If  .•  '•  .  /ck 
by  a  small  amount,  net  energy  can  be 
added  to  the  field. 
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Figure  1:  Dispersion  relation,  Q~  vs. 
y"l ,  guide  cross-section,  and  electric 
field  profile. 


2.2.  ftlnulatcd  emission  and  car:. . 

The-  stimulated  er.ifSicn  rate  for  a 
Cercnixv  laser  follows  iren  the  ccr.si der¬ 
ation  of  the  work  cone  by  an  initially 
unmodulated  electron  be  am  as  it  traverses 
the  length  of  the  rctcr.ator.  Ir.  a  cehc-ral 
analysis  of  this  prcblen  the  dispersion  cf 
the  beair.  nodes  would  be  considered. 

However,  in  the  operating  region  which  is 
anticipated,  the  plasma  frequency  of  the 
beam  is  relatively  low  and  the  space  charge 
modes  are  not  resolved  from  the  spectral 
w’idth  associated  with  the  finite  length. 
This  so-called  Compton  regime  is  familiar 
in  other  free  electron  laser  gain 
calculations. 

The  rate  of  work  done  by  the  beam  is 
given  by: 

H  =  t  j  i  •  **  dv  (6) 

beam 

The  details  of  the  calculation  which  relate 
2,  the  current  density  modulation  produced 
by  the  field  E,  and  the  electric  field  have 
beer,  presented  elsewhere  7  and  hence  will 
not  be  repeated.  A  gain  is  conveniently 
defined  in  terms  of  an  inverse  quality 
factor  Qb“l: 


J_  _  u  d£ 

Qb  =  "  l  dt 


(7) 


where  is  the  energy  stored  in  the 
resonator.  When  0b  is  negative  and 
| Ob!  <  Cl-  the  0  of  the  loaded  cavity, 
the  threshold  for  oscillation  is  reached. 


Phase  velocity  synchronism  thus  deter¬ 
mines  the  operating  wavelength  and  since  the 
dispersion  curve  is  a  universal  function 
of  the  guide  thickness  a  ,  a  suitably 
small  value  will  lead  to  operation  at 
the  desired  wavelength. 

The  condition  of  synchronism  can  also 
be  invoked  to  better  understand  the 
coupling  strength.  Near  synchronism 


When  placed  in  a  form  a; 
the  slab  guide  resonator,  Qb 
expressed  as: 


where 


G'(6)  =  in¬ 


applicable  to 
b~l  may  be 


G’  (6) 


and  the  vacuum  region  transverse  wave- 
number  q  becomes 


(5) 


where  X  is  the  free  space  wavelength  and 
v~l  =  /1-b2‘.  Thus  a  high  energy  beam  is 
needed  to  achieve  reasonable  transverse 
extent  of  the  fields  at  short  wavelengths. 
This  is  necessary  for  good  coupling. 

These  features  will  determine  the  net  gain 
of  the  system. 


and 


e  =  (ck6o  -  w)  L/cS0  (8c) 

The  angle  6  ,  the  transit  angle,  is  related 
to  the  relative  phase  change  "seen"  by  an 
electron  as  it  traverses  the  wave  in  the 
resonator.  Other  factors  not  yet 
identified  which  appear  in  Eq.  (8a)  are: 

I,  the  beam  current,  a  collection  of 
fundamental  constants  IQ  =  mc2/e  (17  KA) , 
and  an  effective  beam  density  n/n  .  The 
latter  factor  takes  into  account  the 
evanescence  of  the  fields  in  the  direction 
normal  to  the  resonator  surface.  It  is  a 
sensitive  function  of  both  the  beam  and 
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the  resonator  parameters.  Also  appearing 
in  Eq.  (8a)  is  the  term  L ^ ! Ez I 2/S  . 

Here,  L  is  the  resonator  length  in  the 
beam  direction  and  Ez  is  the  strength  of 
the  axial  component  of  the  electric  field 
at  the  surface  of  the  resonator.  This 
factor,  together  with  n/nD,  determines 
completely  the  wavelength  dependence  of 
the  coupling. 

The  factor  G ' ( 6 )  is  the  derivative  of 
the  familiar  square  aperture  diffraction 
line  shape.  Its  presence  may  be  under¬ 
stood  in  the  following  way:  Electrons 
which  enter  the  resonator  in  an  accele¬ 
rating  phase  of  the  electromagnetic  field 
spend  less  time  in  the  resonator  and  hence 
exchange  less  energy.  It  is  in  this  way 
that  an  initially  unmodulated  beam  can, 
if  its  initial  velocity  has  the  proper 
relation  to  the  phase  velocity  of  the 
mode,  do  a  net  positive  amount  of  work  on 
the  fields  stored  in  the  resonator.  Such 
a  factor  is  familiar  in  other  free 
electron  laser  gain  expressions  and 
certain  microwave  tube  gain  functions. 

A  qualitative  sketch  of  Qb-3’  is 
included  on  Fig.  1.  When  the  beam  energy 
is  very  high  (f  -  1)  the  gain  drops 
rapidly  due  to  the  factor  (;y)”3  and  the 
phase  velocity  dependence  of  LJ!Ez ; . 
The  curve  rises  to  a  maximum  determined 
by  the  dispersion  relation  and  then 
rapidly  drops  to  zero  as  the  beam,  energy 
approaches  the  threshold  for  Cerenkov 
emission.  If  one  assumes  that  the  beam  is 
perfectly  monoenergetic ,  the  gain  peaks 
quite  close  to  threshold.  A  finite 
emittance  and/or  energy  spread  will  shift 
the  peak  toward  longer  wavelengths  and 
higher  beam  energies.  This  effect  is 
illustrated  by  the  jagged  line  on  the 
diagram  in  Fig.  1.  The  gain 
expressed  in  terms  of  a  threshold  or 
starting  current  will  be  evaluated 
numerically  in  section  2.3. 


2.3.  Gain  saturation  and  output  power. 

One  further  aspect  of  Cerenkov  laser 
operation  will  be  considered  before  we 
proceed  to  some  examples.  A  detailed 
nonlinear  theory  of  Cerenkov  lasers  has 
not  yet  been  completed.  However,  a 
reasonable  estimate  of  available  power 
output  is  possible  with  the  aid  of  the 
—  following  rather  simple  argument. 

If  Qb  <  0  and  Qi  (the  loaded  Q  of 
the  cavity)  are  such  that  I  Qj-, ,  <  Ql  then 
the  field  energy  stored  in  the  cavity  will 
rise  exponentially  with  time  at  a  rate 
proportional  to  ( 1/ ) QjJ  -  1/0,).  This 
process  will  continue  until  the  axial 
i  component  of  the  electric  field  is  large 

enough  to  cause  a  non-neglible  change  of 
the  electron  velocity.  At  this  point,  Ez 
becomes  large  enough  to  shift  the  electron 
velocity  and  hence  the  relative  phase 
change  6  from  the  position  of  maximum 
small-signal  gain  (emission)  to  a  region 


i 


where  it  abscrbs  and  the  gain  w:)  1  ;  tt  . 

The  general  behavior  of  ail  travel  in-:  wav 
systems  is  similar  and  a  mere  littaiUs 
theory  could  be  adapted  frc:'i  sore  cthv : 
systems.  The  above  argument  will  be 
sufficient  for  the  present  estimate. 

When  the  nonlinear  phase  change 
becomes  of  order  ~  the  open  erbits  wind  a: 
and  the  gain  saturates.  Using  the  initi¬ 
ally  linear  theory  as  a  starting  point,  v- 
then  have 


v“ 

where 


l«V| 


e 

mY3 


E 


z 


(kv-w) 


(9) 


(10) 


It  is  assumed  in  this  estimate  that  the  .net 
beam  energy  change  is  relatively  small. 
Using  Eqs.  (9)  and  (10),  plus  the  fact  that 
6Q  is  of  order  n/2,  the  estimated  axial 
field  strength  takes  the  form: 


e  EzL  =  mc2(fy)3  £ 


(11! 


The  output  power,  given  a  value  for  Cl,  can 
now  almost  be  estimated.  There  remains, 
however,  the  problem  of  suitably  a ve rag  me 
over  entrance  phase.  An  acceptable  appro¬ 
ximation  for  this  can  be  adapted  from  the 
expression  for  Qt,”-'-.  The  Vlasov  apt  reach 
used  in  deriving  Ob-^  contains  an 
implicit  phase  average.  Hence  an  approx¬ 
imate  expression  for  power  output  nay  tv 
displayed : 


where  Qw,,-  is  an  assumed  threshold  cam 

<lQb«-*T  =  OiT1)- 

Substituting  from  the  preceding 
equations  and  collecting  terms,  we  thc-.n 
have 


Pout  =  ™c2(6y)3  c  <V*bs> 


where  is  the  current  divided  by  charge 
and  averaged  over  the  transverse  mode- 
distribution.  Numerical  values  appropriate 
to  a  far-infrared  device  will  be  considered 
in  the  next  section. 
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3.  An  Example 

The  following  example  is  chosen  to 
illustrate  the  feasibility  of  developing 
f ar-inf rared  Cerenkov  devices. 


It  is  assumed  that  a  thin  film  dielec¬ 
tric  such  as  that  used  in  a  number  of 
recent  experiments  is  used  to  support  the 
wive.  8  xhe  dispersion  curve  for  the  TK 
modes  of  the  thin  film  is  a  universal 
function  of  the  film  thickness  a  . 

Shown  in  Fig.  2  the  dependence  of  >/a  at 
velocity  synchronism  vs.  y~l 


As  the  energy  approaches  the  Cerenkov 
threshold  energy  the  >/a  vs  y-^  curve 
becomes  very  flat  since  in  this  region 
the  wave  is  moving  with  a  velocity  veri- 
near  to  that  of  light  in  the  dielectric. 
The  curve  shown  is  the  TMqj  mode  which 
has  no  cutoff  and  hence  supports  waves 
with  relatively  large  k/a.  However,  when 
a  is  in  the  1  micron  range,  >.  will  be 
conveniently  in  the  far  infrared. 


Figure  3:  Start-up  current/I0  vs.' 
inverse  gamma. 


Finally,  we  choose  a  beam  current 
such  that  oscillation  is  readily  achieved 
for  all  three  film  thickness,  e.c., 

I  =  10  amp.  Figure  4  shews  the  power 
output  vs.  inverse  gamma  as  derived  in 
Eg.  (13)  for  the  three  thicknesses. 

2t 


Figure  4:  Power  (in  Watts)  vs.  y”l 


The  gain  expressions  developed  in 
section  2,  point  two,  could  now  be 
evaluated  for  a  specific  resonator.  It 
is  more  intuitive,  however,  tc  consider 
the  current  required  to  start  an  oscil¬ 
lation  growing.  Assuming  about  ten 
percent  of  the  wave  energy  is  lost  in  the 
guide  to  various  absorbing  processes,  a 
threshold  Qx  can  be  established.  Setting 
1/I0bl  =  1/Qt  and  solving  for  Ifc>/lo  then 
determines  the  starting  current  lbs- 
These  are  plotted  in  Fig.  3  for  three 
different  guide  thicknesses,  and  the 
following  set  of  beam  and  resonator 
parameters: 

a)  L  h  resonator  length  =  10  cm 

b)  beam  width  =  100  microns 

c)  beam-film  separation  =  100  microns 

d)  film  dielectric  constant  =  1.6 
(polystyrene) . 

We  see  that,  as  the  film  thickness 
decreases,  the  current  required  to 
achieve  oscillation  increases.  For 
example,  the  minimum  start-up  current  for 
a  10  micron  film  is  14  manp.  while  that 
for  a  .5  micron  film  is  3.8  amp. 


Substantial  power  output  is  possible 
as  evident  in  the  range  of  peak  powers 
displayed  in  the  above  graph,  i.e.,  .15 
Ki.'atts  for  a  .5  micron  film  to  15  KV.’atts 
for  a  10  micron  film. 


4.  Conclusions 

A  preliminary  investigation  into  the 
feasibility  of  using  a  slab  (film)  wave¬ 
guide  resonator  and  a  relativistic 
electron  beam,  to  generate  far-infrared 
radiation  yields  promising  results. 

The  use  of  the  slab  guide  dispersion 
relation  enables  us  to  determine  the 
operating  wavelength  as  a  function  of  beam 
energy.  The  choice  of  slab  thickness,  in 
turn,  identifies  the  wavelength  region  cf 
operation,  e.g.,  thicknesses  on  the  crcer 
of  1  micron  yield  radiation  in  the  far 
infrared. 

The  linearized  Vlasov  equation  is 
applied  to  a  cold  beam  to  derive  an 
expression  for  the  stimulated  emission 
rate  and,  hence,  a  beam  quality  factor  0^. 
The  assumption  of  a  realistic  loaded 


.  1 
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cavity  Q.  value  is  then  used  with  Ob  to 
determine  the  start-up  currents  necessary 

ito  achieve  oscillation.  The  beam  energies 
and  currents  indicated  are  not  uncommon 
at  existing  facilities. 

Finally,  an  expression  for  power  out¬ 
put  has  been  derived  which  indicates  that 
this  is  a  potentially  high  power  device 
(MWatts) . 

►  Further  theoretical  work  on  this 

subject  will  involve:  1)  a  more  realistic 
beam  model,  i.e.,  one  which  includes  a 
finite  beam  emittance,  2)  beam  mode 
dispersion,  3)  other  resonator  geometries, 
such  as  a  double  slab,  and  4)  the  develop¬ 
ment  of  a  complete  nonlinear  theory. 

In  addition,  the  authors  are  optimis¬ 
tic  that  experiments  will  be  performed  in 
the  near  future  to  demonstrate  the 
operation  of  a  far-infrared  Cerenkov  laser. 
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Experimental  Performance  of  a  Cerenkov  Maser 
at  Lower  mm  Wavelengths.  J.  WALSH,  E.  GARATE, 

T.  BULLER,  R.W.  LAY  MAW ,  R.  COOK  and  D.  WILLEY, 
Dartmouth  College* — Cerenkov  Masers  have  achieved 
hundred-KW  power  levels  in  the  middle-mir.  range  and 
outputs  in  excess  of  ten  KW  in  the  lower-inn  region-1-. 
Substantial  output  levels,  on  higher  order  cavity 
modes,  have  also  been  obtained  at  wavelengths  below 
1  mra.  However,  the  typical  single-stage  high  power 
output  pulse  is  often  considerably  less  than  the 
electron  beam  pulse  length.  In  the  longer  wavelength 
range,  two-stage,  oscillator-anplif ier  operation  has 
been  used  to  increase  the  pulse  length  and  the 
overall  stability  of  the  output.  The  results  of 
attempts  to  extend  this  concept  to  shorter  wavelength 
will  be  discussed.  In  addition,  resonator  design 
criteria  for  fundamental  mode  operation  in  the  i-mm 
wavelength  range  and  preliminary  experimental  results 
will  be  presented. 

1.  A  High  Power  Cerenkov  Maser  Oscillator,  S.  Von 
Laven  et  al. ,  Appl.  Phys.  Lett.  41(5),  408  (1982). 
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Abstract 


Fundamental  (TMqi)  mode  operation  at 
3  mm,  and  higher  order  mode  operation  at 
wavelengths  below  1  mm,  have  been  obtained 
in  a  recent  series  of  Cerenkov  maser 
experiments.  Device  performance  will  be 
compared  with  theoretical  expectations. 

A  mildly  relativistic  (100-200  KeV!  , 
moderate  current  (10-20  A)  electron  beam 
and  a  cylindrical  waveguide  lined  with 
dielectric  have  been  used  to  produce  50  kw 
power  levels  in  the  100  GHz  region  of  the 
spectrum.  The  device,  A  Cerenkov  Maser, 
couples  the  slow  space-charge  wave  on  the 
beam  to  the  TM  modes  of  the  guide.  The 
operating  wavelength  is  determined  by 
phase  velocity  synchronism  between  the 
guide  mode  and  the  beam  velocity.  The 
wavelength  at  which  this  occurs  is  in  turn 
controlled  by  the  guide  dimensions,  the 
relative  dielectric  constant  of  the 
filling  material,  and  the  fraction  of  the 
guide  volume  that  is  filled  with 
dielectric . 

The  beam-to-wave  coupling  strength 
is  determined  by  the  strength  of  the 
axial  component  of  the  field  in  the  beam 
region.  When  the  system  is  cylindrical ly 
symmetric  the  field  is  proportional  to  a 
modified  zero  order  Bessel  function.  Good 
coupling  is  thus  insured  if  the  approx¬ 
imate  relation 

ra  n  XBy  (1) 

is  maintained.  This  last  relation  follows 
if  it  is  assumed  that  the  evanescence  of 
the  wave  in  the  beam  channel  causes  the 
field  on  axis  to  be  equal  to  one  half  its 
value  at  the  channel  radius  (a)  .  in 
Equation  (1),  X  is  the  free  space  wave¬ 
length,  B  is  the  relative  beam  velocity, 
end  t  the  relative  beam  energy.  The 
relations  between  the  beam,  the  guide,  and 
the  axial  field  dependence  is  illustrated 
in  Figure  1.  Also  shown  on  this  figure 
is  a  schematic  representation  of  the 
dispersion  relation  for  the  TM  mode  of  a 
par tially- f il led  guide  and  the  beam 
velocity  line  £  .  Synchronism  of  the  beam 
and  mode  velocities  occurs  at  the  inter¬ 
cept  of  these  two  curves. 

Typical  Cerenkov  source  data  is 
6hown  in  Figure  2.  In  the  first  part  of 
the  figure,  output  power  at  4  mm  vs.  beam 
current  and  a  typical  output  pulse  are 
displayed.  Wavelength  has  been  determined 
with  cutoff  filters,  a  grating 
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Figure  1.  Cerenkov  source  geometry 
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Figure  2a.  Power  output. 
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Figure  2b.  Interferogram. 

spectrometer,  and  Fabry-P^rot  interfero¬ 
meters.  Shown  on  the  Figure  2b  is  a 
typical  interferogram. 

Theoretical  expressions  for  the  gain, 
the  starting  current,  and  estimated 
saturating  out  power  of  mm  wavelength 
Cerenkov  Masers  will  be  presented.  In 
addition,  beam  and  resonator  modifications 
required  for  operation  at  submm  wavelengths 
will  be  discussed. 
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A  gas-filled  Fabry-Perot  cavity  driven  by  a  highly 
relativistic  electron  beam  could,  in  principle,  act  as  a 
Cerenkov  laser 1.  However,  the  practical  problems  asso¬ 
ciated  with  electron  beam  transport  through  the  dielectric 
medium  would  appear  to  limit  this  device  to  the  visible  - 
UV  region  of  the  spectrum.  In  the  far-infrared  -  submm 
region  of  the  spectrum,  a  source  based  upon  a  mildly 
relativistic  electron  beam  and  a  thin  film  dielectric 
waveguide  is  an  attractive  alternative.  The  thin  film 
dielectric  guide  is  by  no  means  the  only  slow  wave 
structure  that  could  be  used  in  this  spectral  region  but, 
as  the  operating  wavelength  of  a  source  is  decreased,  it 
has  some  advantages  over  periodic  structures.  Two  of  these 
advantages  which  should  be  noted  here  are  the  relative  ease 
of  fabrication,  and  the  fact  that  the  device  operates  on  a 
single  spatial  mode.  The  latter  feature  means  that  the 
beam-to-guide  mode  coupling  strength  for  a  dielectric  guide- 
based  resonator  can  exceed  that  of  a  similar  sized  periodic 
structure-based  system. 

The  general  features  of  stimulated  Cerenkov  radiation 
have  been  discussed  in  a  number  of  places^' 3.  in  this 
summary  we  will  concentrate  on  devices  which  are  designed 
to  operate  in  the  submm  region  of  the  spectrum.  A  dielec¬ 
tric  surface  guide  will  support  slow  TM  modes  which  can  be 
phase-velocity-matched  to  an  electron  beam  propagating 
parallel  to  the  surface  of  the  guide.  When  the  beam  velo¬ 
city  slightly  exceeds  the  phase  velocity  of  the  mode, 
electrons  will  bunch  in  the  retarding  phase  of  the  axial 
component  of  the  field  and  beam  energy  will  be  given  up  to 
the  wave . 

The  wavelength  at  which  this  exchange  occurs  is 
determined  by  the  dispersion  relation  for  the  mode,  and 
this  is  in  turn  determined  by  the  film  thickness  and  its 
relative  dielectric  constant.  A  suitable  film  thickness 
(5-50  u)/  which  has  a  moderately  low  relative  dielectric 
constant  (t.  ~  2.2),  will  support  modes  in  the  far-infrared 
-  submm  region  of  the  spectrum. 


A  second  important  design  consideration  is  the  scale 
length  of  the  evanescence  of  the  slow  wave.  This  is 
approximately  exponential  and  has  an  inverse  scale  length 
equal  to  the  product  2~  /'■  ,-y  where  A  is  the  wavelength,  ,? 
is  the  relative  beam  Velocity  and  y  the  relative  beam 
energy.  Thus,  if  a  is  varied  between  0.5  and  1  mm,  beam 
energies  between  one  and  five  MeV  imply  a  convenient 
transverse  dimension  (several  mm  fora  symmetrical  structure ) . 


The  following  quantitative  expression^  for  the  gain 
has  been  derived  under  the  assumption  that  beam  space  charoe 
modes  are  unimportant.  If  this  is  not  the  case,  the  theory 
can  be  modified^ *  3 ^  but  the  so-called  collective  limit  will 
not  apply  to  the  devices  considered  herein.  The  energy 
exchange  occurs  in  the  following  way:  An  initially  unmodu¬ 
lated  beam  enters  a  thin  film  dielectric  resonator  cavity 
and  has  modulation  impressed  upon  it  at  the  wavelength  of 
the  electric  fields  in  the  resonator.  This  current  in  turn 
either  adds  of  subtracts  energy  from  the  resonator.  The 
net  exchange  rate  is  given  by  Poynting's  theorem: 


d? 

dt 


3  •  E  dV 


(1) 


where  j_  is  the  modulated  current  on  the  beam.  It  is 
convenient  to  express  this  gain  as  a  reciprocal  quality 
factor  Qb~^  : 


(2) 


where  w  is  the  angular  frequency  of  the  radiation  and  t. 
is  the  energy  stored  in  the  cavity 
the  problem  then  yields  for 


A  detailed  solution  of 
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Terms  not  yet  identified  are,  lb,  the  beam  current, 

IQ  =  e/mc2  (=  17  KA),  L  ,  the  cavity  length,  Ab,  the  beam 
area,  and  nQ ,  the  peak  beam  density.  The  factors  inside  the 
integral  sign  determine  the  beam-to-resonator  coupling 
strength.  It  is  in  essence  the  overlap  of  the  beam  density 
n  and  the  axial  component  of  the  electric  field.  The  final 
term  appearing  in  the  gain  expression: 


9  1  -  cos6 

(4a) 

36  e2 
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is  the  gain  line  shape  expressed  in  terms  of  the  unperturbed 
transit  angle  6  .  The  gain  is  positive  when  Ob--*-  <  0  and 
peaks  in  the  vicinity  of  fl  «?  tt  .  When  the  beam  parameters 
mentioned  above  are  used  to  evaluate  Eq.  (3),  start  oscil¬ 
lation  currents  in  the  0.1  to  1  A  range  are  a  realistic 
prospect . 


Non-linear  analysis  of  the  saturation  indicates  that 
electronic  efficiencies  in  the  one  to  ten  percent  range  are 
possible,  and  hence  the  above  devices  should  be  capable  of 
producing  high  levels  of  pulsed  power  in  the  submm  region  of 
the  spectrum. 
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In  a  Cerenkov  Free  Electron  Laser  an  electron  beam 
becomes  bunched  in  the  retarding  phase  of  the  axial 
component  of  an  electromagnetic  wave  and  the  bunching  is 
in  turn  made  possible  by  the  fact  that  the  beam  is  moving 
with  a  velocity  which  is  slightly  greater  than  the  phase 
velocity  of  the  wave.  This  situation  can  be  obtained 
when  an  electron  beam  moves  with  greater  than  light 
velocity  either  in  or  near  to  a  dielectric  medium.  The 
latter  case  is  more  practical  when  operation  with  a 
moderately  relativistic  beam  is  desired  and  the 
discussion  will  be  confined  to  this  configuration. 

A  thin  dielectric  film  on  a  metal  substrate  will 
support  (TM)  modes  with  the  required  axial  field 
component.  The  wavelength  at  which  these  modes  have  a 
given  phase  velocity  is  controlled  by  the  thickness  of 
the  film  and  the  index  of  refraction  of  the  film  material, 
and  hence  there  is  a  relation  between  electron  beam 
energy  and  the  wavelength  near  velocity  synchronism. 

This  result  may  be  expressed  quantitatively  by  the 
approximate  scaling  relation 


where  d  is  the  film  thickness,  •  is  the  relative  beam. 


at  Cerenkov  threshold 


energy,  and  Yj  is  the  heain  energy 

(>T2  =  e/e  -  1). 

The  field  strength  (in  the  vacuum  region)  of  a  wave 
slowed  by  a  thin  film  will  evanesce  with  distance  away 
from  the  film.  Assuming  that  the  wavelength  near 
velocity  synchronism  is  the  one  of  interest,  the  scale 
length  for  the  evanescence  is  conveniently  expressed  in 
the  units  Af$Y  ,  or  since  6  ~  1  in  the  anticipated 
operating  regime,  by  the  product  ay. 

The  relative  small  signal  gain  of  a  Cerenkov  laser 
is  obtained  by  computing  the  work  done  by  the  current 
induced  on  the  beam  by  fields  in  the  resonator.  This 
quantity  will  generally  increase  with  decreasing  wave¬ 
length  until  a  number  of  the  order  of  4:r  times  the  gap 
between  a  beam  and  a  dielectric  film  becomes  approximatel 
equal  to  Ay.  When  the  wavelength  is  further  decreased, 
the  gain  drops  exponentially. 

A  Cerenkov  laser  proof  of  principle  experiment 
designed  for  operation  in  the  100  pm  wavelength  range 
and  driven  by  a  5  KeV  microtron  accelerator  is  planned. 
The  resonator  will  consist  of  two  opposing  plates 
terminated  with  cylindrical  mirrors.  Within  the  beam 
interaction  region  the  plates  will  be  loaded  with  thin 
dielectric  films.  The  overall  structure  supports 
cylindrical  Hermite-Gaus s ian  modes  which,  within  the 
interaction  region,  have  an  axial  field  component.  The 
details,  the  gain  calculation,  the  beam  homogeneity 


requirements,  and  the  anticipated  characteristics  of 


the  Cerenkov  laser  will  be  discussed.  It  will  be  shown 
that  the  projected  operating  characteristics  of  the 
ENEA-Frascati  5  I'eV  microtron  are  well  matched  to  the 
Cerenkov  Laser. 
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Successful  production  of  1r.icrov.-5ve  radiation  by  Cerenkov 
ir.asers  has  prompted  an  investigation  into  their  feasibility  for 
submillimeter  and  far  infrared  wavelength  generation, 
theoretical  examination  of  output  parameters  such  as  frequency 
and  small  signal  gain  has  been  conducted  for  an  easily  fabricated 
resonator  geometry.  The  resonator  consists  of  two  parallel 
plates,  each  with  a  thin  (.5  to  3  micron)  dielectric  coating, 
separated  by  2  mm.  This  waveguide  will  support  TK  modes  -which  are 
coupled  to  a  relativistic  electron  beam  propagating  between  the 
plates.  While  the  interaction  of  the  electrons  with  the 
dielectric  causes  spontaneous  Cerenkov  emission,  the  difference 
between  the  beam  velocity  end  the  phase  velocity  of  the  mode 
causes  a  bunching  of  the  electrons  which  is  responsible  for 
further  stimulated  emission.  The  frequency  of  the  generated 
radiation  is  determined  by  the  dispersion  relation  of  the 
waveguide  mode.  Gain  is  calculated  assuming  the  effects  cf  srace 
charge  modes  are  negligible,  i.e.,  operation  in  is  in  the  Com. p ter. 
regime.  Our  results  indicate  that  such  a  '  doubl  e- si  ab'  resonate. r 
will  provide  detectable  levels  of  infrared  radiation  fro-;  a 
mildly  relativistic  (3-10  KeV)  electron  beam. 
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A  preliminary  comparison  of  the  fundamental  characteristics  of  undulator  and  Cerenkov 
free-electron  lasers  is  presented.  It  is  assumed  that  both  devices  are  operating  in  the  Comp¬ 
ton  regime  and  that  they  are  driven  by  a  short-pulse  relativistic  electron  beam. 


PACS  numbers:  42.55  -f 

The  purpose  of  this  work  is  to  compare  general 
characteristics  of  undulator1  and  Cerenkov2  free- 
electron  lasers  (FEL).  The  former  class  of  device 
has  been  operated  over  a  wavelength  span  which 
covers  the  millimeter  through  visible  regions, 
while,  to  date,  the  latter  has  been  primarily  used  as 
a  near-millimeter-wavelength  source.3  Further¬ 
more,  there  exists  a  very  detailed4-7  body  of  theory 
covering  many  aspects  of  undulator  FEL’s.  Howev¬ 
er,  operation  of  Cerenkov  devices  at  far-infrared 
wavelengths  has  been  discussed  only  briefly.  The 
purpose  of  this  note  is  thus  to  compare  the  gain,  the 
beam  energy,  and  the  beam  quality  requirements  of 
a  Cerenkov  FEL  to  those  of  an  undulator-based 
source. 

Highly  simplified  versions  of  the  two  devices  are 
shown  in  Fig.  1.  In  Fig.  1(a),  a  relativistic  electron 
beam  moves  along  the  axis  of  the  magnetic  undula¬ 
tor  and  produces  radiation  at  the  characteristic 
wavelength 

X  —  A,(l  +  K2)/2y2,  (1) 


FIG.  1.  Schematic  form  of  two  free  electron  lasers, 
(a)  undulator  form;  (b)  Cerenkov  form 


where  kp  is  the  wavelength  of  the  undulator,  «  =  < 
xkpBp/mc 2  is  the  undulator  parameter,  Bp  is  the 
pump  magnetic  field  strength,  and  ymc 2  is  the 
beam  energy.  Stimulated  emission  causes  bunching 
and  the  addition  of  mirrors  forms  an  oscillator. 

In  Fig.  1(b),  an  electron  beam  moves  near  and 
parallel  to  the  surface  of  a  thin-film  dielectric 
waveguide.  The  beam  couples  to  the  axial  com¬ 
ponent  of  a  transverse-magnetic  mode  of  the  guide 
and  thereby  emits  spontaneous  Cerenkov  radiation 
in  the  bounded  structure.  Again,  with  the  addition 
of  mirrors,  it  is  possible  to  form  an  oscillator.  The 
characteristic  wavelength  of  the  emitted  radiation  is 
determined  by  a  velocity  synchronism  of  the  beam 
and  the  guided  mode.  This  condition  is  illustrated 
schematically  in  Fig.  2.  The  exact  dispersion  curve 


FIG.  2.  Typical  dispersion  curve  (inverse  wavelength 
X  vs  inverse  guide  wavelength  X,)  and  beam  velocity  line 
for  a  thin-film  guide  (n  is  index  of  refraction  of  the  film 
material,  <fis  film  thickness).  The  curve  D  represents  the 
solution  to  Eq.  (2)  and  &  is  line  with  slope  u/r. 
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for  a  mode  with  a  transverse  extent  which  is  consid¬ 
erably  larger  than  a  wavelength  is  given  by  the  well 
known  expression8 

pd  i&npd  =  qtJ,  (2) 

where  p  -  ( tu'tlc 2  -  X2)l/2,  q  -=  (X2-oj2/c2)i/2,  k  is 
the  guide  wavelength,  «  is  the  relative  dielectric 
constant  of  the  film  material,  and  d  is  its  thickness. 

Discussion  will  be  facilitated  if  we  also  introduce 
an  approximate  solution  of  Eq.  (2),  which  is 

k  —  lirdy/y},  (3) 

where  yf’-t/U-l)  is  the  relative  energy  at 

Cerenkov  threshold.  Equation  (3)  yields  wave¬ 

lengths  which  are  extremely  close  to  the  exact  solu¬ 
tion  when  y  »  yT  and  d  is  small  compared  to  the 
beam  thickness. 

The  comparative  wavelength-energy  curves  for 
the  two  devices  are  shown  in  Fig.  3.  They  are  quite 
distinct.  The  wavelength  of  the  Cerenkov  laser  de¬ 
creases  with  decreasing  energy  and  depends  linearly 
on  the  film  thickness  which  can  be  small.  It  also 
varies  inversely  with  yf  and  hence  lower  e  implies 
shorter  wavelength.  The  wavelength  produced  by 
the  undulator  decreases  as  y2  increases  and  it 
depends  linearly  on  \p.  Pump  strength  require¬ 
ments  (k  =  1 )  generally  fix  \p  in  the  2-5  cm  range. 
When  <2  —  3  /am,  e  =  2,  *  —  1,  and  X,  *=2.5  cm, 
the  wavelength-energy  curves  cross  in  the  vicinity 
of  X  -  140  /am  and  y  -  14.  The  crossover  point  can 
be  moved  about  by  varying  parameters,  but  these 
results  are  typical.  Thus,  provided  other  conditions 
tions  can  be  met,  a  Cerenkov  device  has  a  potential 
advantage  if  both  short  wavelength  and  lower  rela¬ 
tive  operating  electron-beam  energies  are  desired. 

The  small-signal  gain  per  pass  in  the  resonator  of 
a  Cerenkov  device  is  given  by  the  general  expres- 


1  1  /  L2  r 

80~  2  ( y  ) 2  /„  A„  J 


dA  |£j 
6!  L 


where  I/l0  is  the  beam  current  measured  in  units  of 
/0-ec/r0  (r0«  <?2/mc2),  L  is  the  length  of  the  cou¬ 
pling  region,  and  Ab  is  the  beam  area.  The  integral 
is  done  over  the  beam  volume  and  the  symbols  Es 
and  6  are,  respectively,  the  axial  component  of  the 
electric  field  and  the  stored  energy  in  the  resonator. 
The  gain  line  shape  is  determined  by 


n*) -4- 


where  0  -  ( k  i>0  -  <o  )  L /v0  is  the  relative  phase  angle 
change  experienced  by  an  electron  moving  with  ini 
tial  velocity  u0. 


Ol  001  0  001  0  0001 

X (cm  ) 

FIG.  3.  Comparison  of  energy  wavelength  relaiions 
for  a  Cerenkov  and  an  undulator  FEL.  Three  film 
thicknesses —  1,5,  10  /im — are  shown. 

When  evaluated  at  the  phase-velocity-beam- 
velocity  synchronism  and  at  the  maximum  of  F(F), 
the  general  expression  is  accurately  represented  by 


A  <7,0-,  /„  y- 

where  crx  and  <ry  are  the  beam  dimensions  in  the  x 
andy  directions,  and 

a0=4,Tft/X/3y  (2) 

is  determined  by  the  gap  ft  between  the  beam  and 
the  dielectric  (/3  =  the  relative  velocity  v/c). 

The  gain  of  an  undulator-based  FEL  is  given  by 

....  u  r‘  «■  up 

g°  X,  a,.r,  (I+k2)3''2  Xp  /o' 


If  it  is  also  assumed  for  the  purposes  of  compar¬ 
ison  that  L,  <rx,  <7,,  and  / / /0  are  the  same,  and  that 
k—  1,  the  comparative  magnitude  and  the  general 
behavior  of  £<jC  *  and  So"’  can  be  displayed  (Fig.  4). 

Clearly,  if  X  and  y  are  also  the  same  for  the  two 
devices  and  «0  is  not  large,  the  gains  will  be  com¬ 
parable.  In  general,  the  gain  of  a  Cerenkov  laser 
wiil  rise  with  decreasing  wavelength,  reach  a  max¬ 
imum  near  «0=  1,  and  then  rapidly  decrease  as  A 
becomes  still  smaller.  The  value  of  the  wavelength. 


X  =  A„,  a t  .if  *■  = 
A„  =  4  it  8/  y . 


max,  is  determined  by 
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FIG.  4.  Comparison  of  g on(A  ')  with 
The  common  factors  are  suppressed. 


Assuming,  as  is  the  case  in  microwave  tubes,  that  8 
can  be  maintained  in  the  10  to  100  /cm  range  (over 
a  length  of  ten  or  twenty  centimeters),  and  that  -y 
ranges  between  2  and  20,  Am  will  occur  in  the  far- 
infrared  region  of  the  spectrum. 

In  obtaining  the  results  displayed  in  Fig.  4,  the 
wavelength  variation  of  the  undulator  FEL  is  ob¬ 
tained  by  varying  y  and  the  curve  shows  the  charac¬ 
teristic  A- 3/2  dependence.  In  the  case  of  the 
Cerenkov  laser,  the  film  and  beam  thickness  are 
chosen  and  the  gap  is  fixed  at  50  ^m.  The  device  is 
then  tuned  along  the  dispersion  curve  by  again 
varying  y.  The  gain  at  the  Cerenkov  laser  exceeds 
the  undulator  laser  in  those  regions  where  it 
achieves  a  given  A  at  a  smaller  y.  Furthermore, 
since  the  wavelength  and  the  film  thickness  are  pro¬ 
portional,  the  energy  dependence  of  the  gain  in¬ 
sures  that  at  longer  wavelength  the  peak  g(C)  can 
always  be  made  larger  than  g,v>.  Examination  of 


the  approximate  equat’on.  howev  er,  also  shows  that 

gin'll  ~  A'  •  MO) 

and  hence  also  that  there  exists  some  wavelength 
for  which  g(b>  >  g„u>-  With  the  parameter  choices 
in  Fig.  4,  this  occurs  near  A=  1  /am.  The  envelope 
of  >s  shown  as  a  dashed  line  in  Fig.  4. 

It  is  also  important  to  consider  the  relative  effi¬ 
ciency  of  the  two  sources.  The  gain  line  shape  is 
the  same  for  both  and  hence  in  either  case,  con¬ 
sideration  of  the  field  strength  needed  to  cause 
electron  trapping  yields  an  expression  for  efficiency 
which  is  proportional  to  y2A /L.  The  Cerenkov  laser 
will  operate  at  a  given  A  with  a  lower  value  of  y  and 
thus  would  tend  to  have  a  low'er  efficiency.  Howev¬ 
er,  g o°  >  gofl  in  this  region,  and  therefore  L  can 
be  made  smaller,  and  thus  a  part  of  the  difference 
of  t)  can  be  recovered. 

The  gain  expressions  used  assume  that  the  beam 
is  perfectly  collimated  and  hence  another  important 
point  of  comparison  is  a  consideration  of  the  effect 
of  beam  inhomogeneities  on  gain.  The  principal  in- 
homogeneities  listed  in  Table  I  have  been  defined 
previously.4  The  effects  of  angular  spread  and  en¬ 
ergy  spread  will  have  the  same  form  for  either  laser. 
The  parameters  ^xyt,  are  dimensionless  measures 
of  relative  dephasing  due  to  angular  divergence  in 
the  transverse  directions  or  energy  spread.  When 
these  parameters  exceed  unity,  the  beamwidth  in 
frequency  space  is  larger  than  the  gain  linewidth 
and  the  gain  is  reduced. 

It  is  anticipated  that  a  Cerenkov  laser  could  be 
operated  with  a  short-pulse  rf-accelerated  electron 
beam,  and  hence  the  relative  slippage  or  "lethargy'’ 
may  also  play  a  significant  role.  In  an  undulator 
FEL  the  optical  pulse  slips  forward,4  while  in  the 
Cerenkov  laser,  it  slips  back.  The  exact  expression 
for  the  lethargy  of  the  Cerenkov  laser  depends  on 
the  relative  size  of  the  group  velocity  and  the  phase 
velocity.  If,  however,  the  operating  wavelength  is 


TABLE  I.  Beam  homogeneity  parameters.  «■£  is  the  relative  energy  spread.  is  the 
relative  emittance  (mm  •  mrad),  and  <t,  is  beam  pulse  length. 


Inhomogeneity 

Cerenkov 

parameter 

Undulator 

2 L  <rr/y2A 

Same 

'f2Ltly/4TT:X<rlr 

Same 

(L/o,)(l  -0,/po) 

k,\/2y 
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very  much  smaller  than  the  length  of  the  beam 
pulse,  the  gam  is  relatively  unaffected  by  this  slip¬ 
page.  This  is  the  anticipated  operating  range,  and 
thus  a  detailed  examination  of  this  effect  can  be  de¬ 
ferred. 

In  conclusion,  although  many  practical  details 
must  be  examined,  a  Cerenkov  laser  is  a  promising, 
moderately  compact,  far-infrared  source.  The  beam 
intensity  and  quality  parameters  (Table  1)  required 
for  operation  in  the  50-500  range  are  within 
the  capability4  of  a  small  (1-5  MeV)  microtron  ac¬ 
celerator.  Support  of  U.S.  Army  Research  Office 
through  Grant  No.  DA AG29-83-K-00! 8  is  ac¬ 
knowledged.  We  would  also  like  to  acknowledge 
the  suggestions  of  U.  Bizzarri,  W.  B  Colson,  T.  Le- 
tardi,  A.  Marino,  and  A.  Vignati. 
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A  Relativistic  Oratron  1,  Duller,  R.W.  Layman,  J  .  E . 
Walsh  Dartmouth  College*,  R.  Leavitt  and  D.  Wortnsn 
Harry  Diamond  Laboratories  —  A  mildly  relativistic, 
50-2Q0KV,  1-lOA  1  ps  long  electron  beam  pulse  Las 
been  used  to  drive  a  variety  of  periodic  structures. 

A  single  cylindrical  grooved  guide  with  no  reflecting 
structure  beyond  the  mismatch  inherent  in  the  grooved 
to  smooth  guide  transition  has  been  tuned  between  40 
and  60  C'ns.  Flat  grating  structures  which  are  ter¬ 
minated  with  cylindrical  mirrors  have  been  operated 
between  50  and  100  Ghz .  This  latter  structure  will 
support  modes  which  are  Hermite-Gaussian  in  the  trans¬ 
verse  direction.  A  discussion  of  experimental  details 
and  a  comparison  of  performance  with  theoretical 
expectations  will  be  presented-. 

^Supported  in  part  by  ARO  contract  ii  DAAG29-E3-K-001S 
and  by  KDL-DAAK21-S4-Q-T063. 
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CW  Cerenkov  FEL,  R.W.  Layman,  J.E.  Walsh, 

Dartmouth  College*,  J.  Silverstein,  Harry  Diamond 
Laboratories. — Output  power  levels  of  tens  of  KK  in 
the  middle  part  of  the  millimeter  wavelength  ra^nge  can 
be  obtained  from  stimulated  Cerenkov  sources-1-*  In 
these  experiments,  electron  beam  pulses  1  usee  long, 
with  10-20  A  of  current,  at  voltages  in  the  100-200  KV 
range  were  used  to  drive  a  dielectric  resonator*  Long 
pulse  and/or  CW  operation  of  such  a  source  would  be  of 
interest,  and  in  order  to  examine  the  potential  of 
such  a  device  a  long-pulse,  low-current  beam  generator 
is  under  construction.  It  will  operate  at  voltages 
ranging  up  to  250  KV  and  will  typically  have  a  current 
capability  of  100-500  mA.  The  thcrmior.ically- 
proauced  beam  will  be  guided  and  compressed  by  a 
combination  of  electrostatic  ar.d  magnetic  focussing 
elements.  Details  of  the  resonator  design,  and 
theoretical  expressions  for  threshold  current  and 
Cerenkov  gain  will  be  compared  for  a  number  of 
possible  resonators.  Results  of  resonator  cola- 
testing  will  be  presented. 

*Work  supported  by  ARO  Contract  r  DAAG29-83-K-0018 
and  HDL  Contract  s  DA-AK21-84-Q'-8784. 

1.  A  High  Power  Cerenkov  Maser  Oscillator,  by  £.  Von 
Laven  et  al. ,  Appl.  Phys.  Lett.  41(5),  408  (1982). 
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Infrared  Cerenkov  Lasers.  Bernadette  Johnson  end  John 
Walsh  .Dartmouth  College.* — Cerenkov  lesers,  which  ere 
successful  producers  of  microwave  radiation,  have  been  examined 
as  possible  infrared  sources.  A  theoretical  analysis  of  output 
parameters  such  as  frequency,  gain,  and  power  has  been  conducted 
for  an  easily  fabricated  ‘double  slab'  resonator. 

The  resonator  consists  of  two  parallel  plates,  each  with  a  thin 
(5  -  50p)  dielectric  coating,  approximately  2  to  5  mm  apart.  This 
waveguide  will  support  TM  modes  which  are  coupled  to  a 
relativistic  electron  beam  propagating  between  the  plates.  Our 
results  indicate  that  such  a  resonator  will  provide  easily  detected 
levels  of  infrared  radiation  from  8  mildly  relativistic  (3  -  10 
neV)  electron  beam. 

An  experiment  will  be  conducted  at  the  ENEA  facility  in 
Frascati  .Italy  using  a  5  MeV  microtron  to  produce  radiation  at 
about  1 00  p. 

*  This  work  has  been  supported  in  part  by  U.S.A  R.O  contract 
*DMG29-83-K-00!8. 
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Abstract 

The  general  characteristics  of  grating-based  free- 
electron  lasers  are  established  and  the  beam  and 
resonator  parameters  needed  for  operation  at  far-infrared 
wavelengths  are  discussed. 

*  Comitato  Nazionale  per  la  Ricerca  e  per  lo  Sviluppo 
dell'Energia  Nucleare  e  delle  Energie  Alternative. 
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E.  Carate,  R.  Cook,  P.  Heim,  R.  Layman,  J.  Walsh 
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Hanover,  N.H.  03755 


Abstract 


The  basic  operating  principle  s  of  Cerenkov  Maser 
oscillators  are  briefly  reviewed  and  the  experimental 
performance  of  a  3-mm  device  is  discussed.  A  power 
level  of  approximately  100  KW  was  achieved  at  88  GHz 
and  voltage-tuning  from  84  GHz  to  128  GHz  on  the 
fundamental  TM^  mode  was  observed.  Operation  on 
higher-order  modes  at  frequencies  up  to  300-320  GHz 
was  demonstrated,  and  a  two-stage  buncher-amplif ier 
configuration  was  investigated. 
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The  Cerenkov  Maser  at  Millimeter  Wavelengths 
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The  dispersion  relation  for  the  transverse  magnetic 

modes  (TM  )  of  a  part i al Iv-f il 1 ed ,  dielectric-lined, 
on 

cylindrical  waveguide  driven  by  a  cold,  relativistic 
electron  beam  is  derived.  The  effect  of  a  gap  between 
the  electron  beam  and  the  dielectric  liner  is 
included.  The  dispersion  relation  is  then  used  to 
calculate  the  growth  rate  for  the  Cerenkov  instability 
in  the  collective,  tenuous  beam  limit.  Expressions  are 
developed  for  the  minimum  current  necessary  for 
oscillation  threshold  and  for  the  power  output  of  the 
Cerenkov  maser  in  the  collective  regime. 
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Abstract 

The  possibility  of  realizing  free  electron 
lasers  which  operate  with  undulators  provided  by  a 
real  electromagnetic  wave  are  considered.  The 
requirements  on  the  electron  beam  characteristics 
needed  for  a  successful  operation  are  defined. 
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Abstract 

In  this  note,  we  further  analyze  the  performances  of 
of  a  Cerenkov-based  FEL  device  and  show  that,  at 
low  energy,  they  may  be  better  than  a  conven¬ 
tional  undulator  FEL. 
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The  gain  of  a  Cerenkov  laser  depends  upon  the  coupling 
between  the  axial  component  of  an  electromagnetic  wave  ar.d 
a  co-directed  electron  beam.  If  the  beam  velocity  is 
near  but  slightly  greater  than  the  phase  velocity  of  the 
wave,  the  electron  beam  becomes  bunched  in  the  retarding 
phase  of  the  wave  and  a  net  energy  exchange  occurs.  In 
a  Cerenkov  laser,  these  conditions  are  obtained  at  short 
(far-infrared  or  less)  wavelengths  through  a  slowing  of 
the  wave  by  a  thin  dielectric  film. 

When  viewed  as  a  function  of  beam  current  density, 
this  interaction  has  two  distinct  regimes.  In  the  first, 
the  reaction  of  beam  on  the  energy  stored  in  the  Cerenkov 
resonator  may  be  ignored  for  time  scales  equal  to  or  less 
than  the  electron  transit  time  through  the  resonator. 

This  is  the  Compton  limit.  As  beam  current  density 
increases,  however,  this  approximation  will  no  longer 
apply  and  the  wave  frequency  and/or  axial  wave  number 
must  be  determined  self-consistentiy  from  a  dispersion 
relation.  In  this  limit  the  interaction  may  be  described 
as  collective,  since  the  beam  space  charge  modes  may  no 
longer  be  ignored.  These  operating  regimes,  although 
quite  different  in  some  respects,  are  quite  closely 
related  in  others. 


The  gain  in  the  first  lir.it  is  linearly  proportional 
to  current  density  and  in  the  second  to  the  cube  root  of 
this  quantity.  If,  in  the  first  limit ,  a  temporal  rate 
of  gain  is  defined  as  the  gain  per  pass  divided  by  the 
transit  time,  it  can  be  shown  that  this  quantity  is 
proportional  to  the  cube  of  the  collective  limit 
temporal  gain  rate,  times  the  square  of  the  beam  electron 
transit  time.  This  result,  which  follows  from  separate 
calculations  of  the  gain  in  the  respective  limits,  is 
implicitly  self-consistent.  Once  established  in  this 
way,  however,  the  result  gives  a  simple  means  of  relating 
gain  in  one  limiting  regime  to  the  gain  in  the  other. 

Furthermore,  although  established  in  detail  for  the 
Cerenkov  laser,  the  result  is  general.  The  cube  root 
dependence  of  the  gain  in  the  collective  limit  follows 
from  the  fact  that  three  coupled  waves  (two  space  charge 
and  one  electromagnetic)  take  part  in  the  interaction. 

If  the  number  of  modes  that  are  coupled  in  the  collective 
limit  of  some  device  is  known,  the  relation  between  the 
collective  and  Compton  gain  limits  may  be  specified. 

A  detailed  summary  of  this  result  as  it  applies  to 
far-infrared  Cerenkov  lasers  will  be  presented  and  a 
brief  comparison  with  magnetic  undulator  free  electron 
lasers  will  be  made. 
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